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Abstract 
A new CMOS-based p+np-p+ phototransistor utilizing a modulated base doping is presented. Furthermore, the collector of the 
device is formed by a thick low-doped p- region. Both measures lead to excellent responsivity values of 12.2, 46.5, 46.9 and 
41.9A/W at wavelengths of 405, 675, 785 and 855nm, respectively. A detector with a light-sensitive area of 50μm in square 
reaches a -3dB bandwidth of 4.2MHz at 3V collector-emitter voltage at 850nm. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
The advantage of phototransistors over photodiodes is in the built-in current amplification [1]. In a bipolar 
phototransistor, the primary photocurrent generated in the base-collector space-charge region flows into the base and 
is there amplified by the current gain of the transistor. For instance, near-field and holographic optical storage 
systems as well as image sensors require photodetectors with high amplification and low-voltage operation. 
Especially pixel arrays in image sensors require integrated sensor chips. Bipolar phototransistors were used in a 
CMOS finger-print sensor [2].  A CMOS-integrated avalanche photodiode used a modulation-doped n-well to avoid 
edge breakdown at the reverse bias of about 20V [3]. In standard CMOS and BiCMOS technologies, avalanche 
photodiodes as well as vertical npn phototransistors like e.g. those reported in [4,5] have rather moderate 
responsivities of about  4.6A/W at 430nm [3] and 1.7A/W at 675nm [5]. Another disadvantage of [3] is that a 
reverse bias of 19.5V was necessary. The reasons are the thin multiplication region [3] or the thin base-collector 
space-charge region [4,5], both due to the rather high doping in these regions. The buried collector of advanced npn 
transistors is doped to about 1019 cm-3 and it forms the junction to the p-substrate in only about 2-3μm depths. 
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Consequently, recombination of photogenerated carriers in the buried n+ collector [4,5] is very strong leading to the 
very low responsivity by far not exploiting the electrical current gain of these transistors. 
In order to advance the responsivity, the effective doping in the base (n well in Fig. 1), is reduced by a 
modulation doping similar as in [3],  where a continuous n-type region was obtained after diffusion from interrupted 
n-well stripes. Here, the effectively lower base-doping results in a lower base Gummel number and therefore to a 
larger current gain of the pnp transistors than with a homogenously doped n well. Furthermore, the p-type doping 
(standard substrate doping concentration 1015 cm-3) on the collector side of the base-collector junction was reduced 
to below 1014cm-3 to extend the space-charge region and allow for complete depletion of the thick p- zone (about 
10μm) at several volts bias. A major advantage is that the region with a thick low-doped epitaxial layer reduces slow 
carrier diffusion and recombination from the substrate especially for near-infrared light. 
2. Detector realization 
The phototransistor detectors have been fabricated with a 0.35μm SiGe BiCMOS process [6]. Fig. 1. provides an 
illustration of the device cross section. The low-doped p- epitaxial layer has an as grown-thickness of 15μm. The 
bulk of the epitaxial layer could be kept at doping levels below 1·1013cm-3 due to encapsulation of the highly p+
doped substrate during the well process steps. At the silicon surface the p-type doping of about 7.1013 cm-3, however, 
was unavoidable.  In the phototransistors described here, this increase of the p- doping towards the silicon surface 
was compensated by the n-well base. The p+ emitters were formed by the p+ base contact region of the npn 
heterobipolar transistor. The pitch of the buried n+ collectors was 25μm.
Fig. 1. Cross section illustrating the device architecture and the doping concentration cut along the vertical axis. 
3. Measured results 
Fig. 2 shows the measurement setup. The measurement system is calibrated via the calibration path and an 
external optical power meter which is substituted by the device under test (DUT) and an ampere meter for the actual 
measurements. 
Its electrical functionality was verified via a Gummel measurement which is illustrated in diagram Fig. 3. a) In a 
typical operating range of a base-emitter voltage below 0.7V the  current amplification ȕ is about 110. The dark 
currents are below 18pA at room temperature for collector-emitter voltages up to 5V. Fig. 3. b) provides the DC 
characteristics of the device proving the optoelectronic functionality with 675nm red light.  
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Fig. 2. Schematic of measurement setup 
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Fig. 3. a) Gummel plot, current amplification measured at a collector-emitter voltage of 2.5V, of a 150×150μm² device; b) Measured 
characteristics at 675nm light for different optical input powers.
Table 1 summarises further dynamic measurement results. Frequency responses of the phototransistor were 
performed with bias-T-modulated laser diodes and a HP8753 vector network analyzer. Compared to the 
phototransistor in [1] with response times of 4-5μs, the devices introduced here provide much higher bandwidths. 
The rather large light-sensitive area of 50×50μm² limited the bandwidth of the phototransistors. Smaller 
phototransistors will show a larger bandwidth. The Kirk or base push-out effect due to the low collector doping, the 
thick  base and the hole mobility, however, limit the speed of the pnp phototransistors compared to the advanced 
npn phototransistors of [4,5]. The responsivity of the pnp phototransistors, however, is almost 30 times larger than 
that of the npn phototransistors of [5]. 
Table 1. :.Bandwidth and responsivity for a 50μm squared phototransistor at UCE=3V and -30dBm optical light powers. 
Wavelength -3dB bandwidth Responsivity 
405 nm 2.4 MHz 12.2 A/W 
675 nm 6.7 MHz 46.5 A/W 
852 nm 4.2 MHz 41.9 A/W 
Fig. 4 provides a responsivity spectrum of the presented photo-detector in a range of 400 to 800nm. The device 
is biased by a collector-emitter voltage of 2.5V.  
A. Marchlewski et al. / Procedia Engineering 5 (2010) 645–648 647
4 Marchlweski/ Procedia Engineering 00 (2010) 000–000 
0.0E+00
2.0E-07
4.0E-07
6.0E-07
8.0E-07
1.0E-06
1.2E-06
0
10
20
30
40
50
60
400 450 500 550 600 650 700 750 800 850 900
Photo-Transistor Responsivity [A/W]
Xenon Light Source [W]
Wavelength Light [nm]
9.9 -08
Fig. 4. Measured responsivity spectrum of a 150×150μm² device at Vce=2.5V with open base and Xe output power spectrum (the two peaks are 
Xe spectral lines). 
The spectrum responsivity measurement setup consists of Xenon light source and a monochromator as the 
optical narrow band filter. The light beam is spitted via an optical beam splitter. One path is connected to an optical 
power meter for reference measuring the power (monitor channel) and other path guides light to the detector under 
test.
4. Conclusion 
An improved integrated phototransistor for application in a wide wavelength range from at least 400nm to 
850nm is introduced. It can be integrated into CMOS and BiCMOS processes with little modifications and is well 
suited for application in imaging and optical sensing applications. 
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